The aim of this study is to evaluate the performance of a new computed tomography-dual energy analysis (CT-DEA) technique developed for the non-invasive assessment of the 3D spatial distribution of calcium/phosphorus (Ca/P) ratio in bone. For this, the Ca/P ratio in 58 regions from four healthy and four inflammation-mediated osteoporotic (IMO) rabbit bone collagen-free samples were assessed using energy dispersive X-ray spectroscopy (EDX) and CT-DEA. Image registration, performed using NifTK software (Centre for Medical Imaging Computing, University College London), allowed the comparison with the results from the two imaging systems.
Introduction
Areal bone mineral density, using dual energy X-ray absorptiometry (DEXA), is the conventional osteoporosis indicator. However, it has some limitations when used to classify bone [1] [2] [3] , and sometimes physicians face the dilemma of deciding which patients should receive treatments.
The calcium/phosphorus ratio (Ca/P) could be a new osteoporosis indicator. Low and non-homogeneously distributed Ca/P ratio was shown to be correlated to osteoporotic bone [4, 5] and thus possibly affect bone quality. A computed tomography (CT) post-reconstruction dual energy analysis (CT-DEA) technique was recently developed [6] for the non-invasive assessment of the 3D spatial distribution of the Ca/P ratio in bone apatite. This could potentially help in better understanding bone pathogenesis and in providing an enhanced and earlier diagnostic method. CT-DEA was optimised for a micro-computed tomography system (micro-CT), which uses a polychromatic X-ray beam, and was validated using bone phantoms.
In the current study, we evaluate the performance of CT-DEA when used on real bone apatite. Ca/P ratio measurements made on healthy and osteoporotic bone apatite using the technique were compared with measurements made using energy dispersive X-ray spectroscopy (EDX), regularly used for Ca/P ratio measurements on bone surfaces [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Method Phantoms
For the validation of the EDX measurements, three bone phantoms were used. The bone phantoms were formed using calcium phosphate powders (Sigma-Aldrich Ltd) of three different chemical compositions (Ca(H 2 PO 4 ) 2 .H 2 O, CaHPO 4 , Ca 3 (PO 4 ) 2 ) and thus Ca/P ratio (Ca/P ratios of 0.5, 1.0 and 1.5, respectively). These were compressed into small cylindrical pellets (diameter 8 mm and height 2-4 mm) of different densities using a Specac hydraulic presser. The certainty with which the composition was known for the three phantoms was 85%, 98%, and 96%, respectively. As provided by the supplier possible impurities include traces of Clanions and traces of metallic cations. For the monohydrate salt, a possible additional impurity is phosphoric acid as indicated in PubChem database [16] .
Samples
Eight cortical bone samples were obtained from two female New Zealand white rabbits to investigate the performance of CT-DEA in Ca/P ratio assessment. All animal experiments were performed at Ioannina University, and all study protocols were approved by the Ioannina University Institutional Animal Care and Use Committee. Four of the samples were inflammation-mediated osteoporotic (IMO). The inflammation was introduced to one of the animals, at 8 months of age, by injections of talkum (Sigma-Aldrich Ltd) on the back of the rabbit at sites distant from the skeleton, to stimulate an acute phase response [12, 17] . The animals were euthanised under light ether anesthesia after 21 days and cortical sections were dissected. EDX measurements can be inaccurate when organic phase is present in samples and sometimes carbon coating is suggested. Carbon coating was not used in this study as it has been shown that it is impossible to eliminate the contribution of the carbon coating to the EDX signal when used in samples like bone. [18] . Instead, all samples were heated at 350 ı C for 48 h to remove collagen [19, 20] for the formation of bone apatite samples [6] . After heating, the shape of the bone samples was preserved. Heat treatment at below 500 ı C has no detectable effect on the size, crystallinity, or lattice spacing of the crystals of bone apatite while at the same time it effectively removes most of the organic part [20] . All samples were carefully polished using a polishing paper of grit size 58.5˙2.0 m, to make the surface flat and parallel and thus minimize the topographic effects. A diamond wheel saw could have been used instead for more flat surfaces; however, due to the high fragility of the collagen-free samples, it was avoided.
CT-DEA
All bone samples were imaged using a bench-top cone-beam micro-CT system (Nikon Metrology, X-Tek, UK); serial number: J00001. The optimum imaging conditions used for the low and high energies are summarised in Table 1 . Scanning parameters were: magnification = 10 360 projections. For each projection, 128 frames were acquired and averaged.
CT reconstruction was performed using the in-built X-Tek software at a slice thickness of 16 m (Nikon Metrology, X-Tek, UK). Any centre of rotation artefacts were corrected using CT Pro software (Nikon Metrology, X-Tek, UK). Following reconstruction, all sample images were binned into 6 6 6 voxels to increase the signal to noise ratio of the images, thus providing a resolution of 96 m in all dimensions.
The images of all bone samples were processed using the CT-DEA method described in our previous work [6] . Briefly, the technique decomposed bone apatite to Ca, PO 4 , and OH and was based on pre-defined relationships between the ratio of low and high energy CT values for one voxel, F(Z eff ), to effective atomic number, Z eff and Z eff to low energy mass attenuation coefficient, m L . The latter was decomposed to f Ca , f P , where f i represents the fraction by weight of a component i.
A two-dimensional Ca/P ratio colour map was produced for each sample surface, to allow visual differentiation of areas of low and high Ca/P ratio. Figure 1 shows the original low-energy images [(a) and (c)] and the corresponding Ca/P ratio maps [(b) and (d)] for healthy and IMO rabbit bone samples. Comparing the Ca/P ratio maps, an increased area of low Ca/P ratio in the IMO slice can clearly be noticed. Such differences are not immediately obvious in the original low-energy CT images.
The Ca/P ratio maps were used to identify a total of 58 regions of interest (ROIs), 26 ROIs from the healthy bone samples, and 32 ROIs from the IMO bone samples, covering a wide range of Ca/P ratio, to be validated using EDX. The surface area of these regions was in the range of 0.15-0.23 mm 2 .
EDX
Backscatter scanning electron microscopy (SEM) images of the surface of interest of each bone phantom and sample were acquired using an SEM system (Hitachi model S-3400N, Japan); serial number: 340621-04. The imaging conditions for all phantoms and samples were 20 kV, emission current 128 A, and magnification 27. The three bone phantoms of different known Ca/P ratio were used for the validation of EDX measurements. The approximate ROI of each bone surface, as selected on the CT-DEA Ca/P ratio colour map, were identified on its corresponding SEM backscatter image. The depth within the sample to which the EDX Ca/P ratio results correspond to was estimated to be 4 m. The spectrum of each ROI was produced, together with a table detailing the sample composition, including f Ca , f P . From this, the Ca/P ratio was then calculated.
Image registration and analysis
The Ca/P ratio map and the SEM image of the same sample surface produced from the two imaging systems were of different magnification, pixel size, and sometimes orientation. Image registration was performed to map the CT-DEA Ca/P ratio map to the SEM image. NifTK, a translational imaging platform, developed at the Centre for Medical Image Computing of University College London, was used. The necessary scaling, rotation, and translation amendments were made to the CT-DEA Ca/P ratio map image for its geometry to be mapped sufficiently well on top of the SEM image ( Figure 2) .
Image registration reproduced the CT-DEA Ca/P ratio map with the grey values of the original CT-DEA Ca/P ratio map and the SEM pixel size and coordinates. The coordinates of each ROI were determined on the registered Ca/P ratio map, and the corresponding coordinates were found on the original Ca/P ratio map. The mean Ca/P ratio by CT-DEA of the ROI was calculated.
In some cases, the coordinates of the CT-DEA Ca/P ratio map registered image were only an approximation to the CT-DEA Ca/P ratio map original image (Figure 3 ). This was due to the different alignment of the pixels with respect to the sample, which resulted from the different orientation of the sample to the detector in the two imaging systems. In these cases, all pixels that were within or intersected with the ROIs were used to evaluate the Ca/P ratio mean.
The mean Ca/P ratio of the ROIs was compared with the corresponding SEM Ca/P ratio, using linear regression analysis. Furthermore, a two-sample Student's t-test was used to investigate the statistical significance in the difference of the Ca/P ratios of the healthy and IMO areas, using the two different techniques.
Results and Discussion
Areal Ca/P ratio assessment using EDX
Phantoms
Three bone phantoms were used for the validation of the EDX Ca/P ratio assessment. A typical example of an SEM backscatter bone phantom (Ca(H 2 PO 4 ) 2 .H 2 O) image is shown in Figure 4 (a), with a selection of the ROI. Its corresponding spectrum is shown in Figure 4 (b). The presence of calcium, phosphorus, and oxygen can be observed as expected. The relative height of the Ca and P peaks is proportional to the Ca/P ratio, provided the matrix effects (atomic number, x-ray absorption and x-ray fluorescence) are taken into account.
The absolute error in the assessment of f Ca and f P in phantoms by EDX is shown in Figure 5 . The mean absolute/percentage difference between the expected and measured f i of the three phantoms was 0.02˙0.02=10˙7%. A possible source of the error is the little effect the ZAF correction procedure (where Z is the effective atomic number, A is the X-ray absorption, and F is fluorescence) has on biological samples especially because of low Z .< 20/. Good experimental values for the ZAF correction technique are not available for all elements and X-ray lines (particularly for light elements). Therefore, they cannot reliably compensate, especially for A (absorption), mostly because ZAF Figure 4 . (a) Scanning electron microscopy backscatter image, with a selection of the region of interest, and (b) its corresponding energy dispersive X-ray spectroscopy spectrum, acquired using a bone phantom of Ca/P ratio = 0.5. Figure 5 . Energy dispersive X-ray spectroscopy measurements. Deviation from the expected f Ca (blue triangles) and f P (pink squares) for phantoms of different Ca/P ratio.
was firstly introduced for metallic standards, which have different mean absorption coefficients from bone. It has been suggested that EDX gives 5-7% error in low Z element results because of the lack or incorrect correction of ZAF [8, 21] . This partly explains the error in f i (10%). The uncertainty with which the composition was known for the three phantoms (4-15%) might partly explain the error, too.
In all phantoms, f P was overestimated more than f Ca using EDX ( Figure 5 ). In addition to the low effect of ZAF correction, a possible reason for this could be the interference between the P K˛line (2.10 keV), and the silicon K escape peaks (of the Si(Li) detector) because of the Ca K˛and Kˇlines (1.95 and 2.27 keV). However, this source of error is only small because the peak areas of Ca and P are comparable [8] . Furthermore, fluorescence can significantly alter the relative amounts of characteristic radiation coming from alloys or compounds, particularly when elements with quite similar atomic numbers are present [21] . However, it is not expected that fluorescence significantly affected our results, because of its low effect in this energy region.
The errors in f Ca and f P were propagated into the calculation of the Ca/P ratio. Because of an overestimation of f P in comparison with f Ca , an underestimation is always made on the calculation of the Ca/P ratio, resulting in a mean/maximum accuracy of 0.07= 0.11 in the Ca/P ratio. Figure 6 shows examples of the spectra acquired from (a) a healthy bone sample and (b) an IMO bone sample. EDX shows the presence of the chemical components in the sample; calcium, phosphorus, carbon, oxygen, magnesium, and sodium are all expected to be present in bone apatite [22] . The relative difference in heights of the Ca and P peaks in (a) is greater than in (b), reflecting a higher Ca/P ratio.
Samples
The Ca/P ratio results in healthy bone samples using EDX were within the range of 1.39-1.62 (x-axis of plot in Figure 7 ). The Ca/P molar ratio for the stoichiometric hydroxyapatite is 1.67 [4] . This underestimation of Ca/P ratio by the SEM system is not surpris- . CT dual energy analysis Ca/P ratio versus energy-dispersive X-ray Ca/P ratio of 58 regions of interest in eight samples; four healthy (blue) and four osteoporotic (red). Error bars represent the standard deviation in one voxel.
ing because, as shown by the bone phantom results of EDX, f P is systematically overestimated compared with f Ca .
The Ca/P ratio results in IMO bone samples using EDX were within the range of 1.19-1.52 (x-axis of plot in Figure 7 ). Comparing the difference of the Ca/P ratios of the healthy and IMO areas, using a Student's t-test, a p-value of < 0.05 (Table 2 ) was given. From this, it can be concluded that there is a statistically significant difference in the Ca/P ratios of the healthy and IMO bone sample areas. These results are in agreement with other studies, where a statistically significant difference was found in the Ca/P ratio between healthy and IMO bones [4, 5, 11] . 
CT-DEA performance for Ca/P ratio assessment in bone apatite
The Ca/P ratio results using CT-DEA were within the range of 1.43-1.77 and 1.24-1.59 (y-axis of plot in Figure 7 ) for healthy and IMO bone samples, respectively. Comparing with the EDX results; 1.39-1.62 for healthy samples and 1.20-1.52 for IMO samples, it can be concluded that an overestimation is made by CT-DEA. This systematic error is because of non-perfect fit of the pre-defined relations of F(Z eff ) (ratio of low and high energy CT values for one voxel) to Z eff (effective atomic number) and Z eff to m L (low energy mass attenuation coefficient) of the phantoms that were used to calibrate the technique [6] . At present, approximations of the aforementioned mathematical relations are required in CT-DEA for bone material decomposition. This is due to the fact that the exact chemical composition of biological apatite is diverse and not known with sufficient accuracy to enable the construction of a precise look-up table of F(Z eff ) to Z eff and Z eff to m L .
CT dual energy analysis provided Ca/P ratio values within a mean absolute/percentage difference from the EDX results of 0.11˙0.08=8˙6%. Linear regression analysis in the plot of CT-DEA Ca/P ratio results versus EDX Ca/P ratio results of the same areas provided the value for the coefficient of determination; R 2 D 0.69. The noise in CT-DEA low and high energy images introduces an error in the Ca/P ratio results. It is important to note that this error only partly expresses the magnitude of the error bars in Figure 7 , otherwise, the reader might be misled on the precision of the CT-DEA results. The magnitude of the error bars is also expressed by the non-homogeneous spatial distribution of the Ca/P ratio in the ROIs. For example, in one ROI, of approximately 0.15-0.23 mm 2 area, the Ca/P ratio varies from place to place, therefore the mean Ca/P ratio includes some deviation from the minimum and maximum Ca/P ratio in the same region. This is supported by the fact that the magnitude of the error bars, and thus the variation in the Ca/P ratio is higher in IMO bone sample ROIs (red lines in Figure 7 ) than in healthy bone sample ROIs (blue lines in Figure 7 ). This suggests a higher non-homogeneity of Ca/P ratio in IMO areas, which, as has been shown in previous studies [4] , could be a criterion for osteoporosis.
The results of the accuracy of CT-DEA of Ca/P ratio measurements in bone apatite were very dependent on the successful mapping of the images from the two imaging systems. One of the causes of the lack of 0.31 in the coefficient of determination of the plot in Figure 7 , is the non-perfect mapping of the images, because of the lack of comparable alignment of the sample with the pixels of the two systems. It was technically difficult to evaluate the error introduced by the non-perfect mapping, because it is partly dependent on the spatial distribution of the Ca/P ratio in the ROIs.
In addition, even though the surface area of each region was almost the same between the two systems, the depth within the sample to which the EDX Ca/P ratio results correspond to was estimated to be 4 m, compared with the CT-DEA, which was preset as 96 m. Further study is required to investigate how a higher spatial resolution by the CT-DEA system (maximum resolution in the depth direction possible is 16 m, which is the thickness of a microCT slice), which would decrease the signal to noise ratio, would affect the correlation of the Ca/P ratio results between the two imaging systems. Table 2 shows the results of a Student's t-test on the assessment of the statistical significance in the difference in healthy and IMO bone samples using the two imaging techniques. As in the case of EDX, a statistically significant difference .p < 0.05/ was found between healthy and IMO bone samples using CT-DEA.
Because of the undetermined uncertainties introduced in the analysis by image mapping and depth interaction of electrons, it cannot be concluded to what absolute accuracy the Ca/P ratio can be measured in real bone apatite using CT-DEA. However, a value of R 2 D 0.69 in the fit of CT-DEA Ca/P ratio versus EDX Ca/P ratio and a mean difference in the Ca/P ratio between the two techniques of 0.11˙0.08 suggests sufficient confidence in the experimental capabilities of technique.
Conclusions
The results of this study show that CT-DEA can provide the expected trend in the assessment of the spatial distribution of the Ca/P ratio in bone apatite. The uncertainties in the absolute values of the Ca/P ratio by CT-DEA cannot be currently quantified. However, they can be improved if a more wide and accurate database of the chemical composition of bone is used.
Even though there are still possible improvements that can be made in the CT-DEA technique, it has been so far shown that it can provide valuable 3D information on the comparison between healthy and osteoporotic bone. Furthermore, it has the big advantage over EDX for its non-invasive Ca/P ratio assessment in bone. This could potentially help in studying the 3D spatial distribution of Ca/P ratio and its correlation to bone quality in human healthy and osteoporotic bone.
